Defective brain insulin signaling has been suggested to contribute to the cognitive deficits in patients with
Introduction
Insulin resistance in peripheral tissue is a hallmark of type 2 diabetes (1) . Accumulating evidence suggests that insulin resistance also develops in Alzheimer's disease (AD) brains (2) . Brain levels of insulin and insulin receptor (IR) are lower in AD, and insulin signaling impairments have been documented in both postmortem analysis and in animal models of AD (3) (4) (5) (6) . Brain insulin signaling is particularly important for learning and memory (7, 8) , suggesting that insulin resistance may contribute to cognitive deficits in AD.
We recently showed that soluble oligomers of the amyloid-β peptide (Aβ) instigate a striking loss of IRs from the membranes of neuronal processes (9) . Aβ oligomers (AβOs) are small, diffusible aggregates that accumulate in AD brain and are recognized as potent synaptotoxins (10) (11) (12) . Oligomers attach with specificity to synapses in particular neurons, acting as pathogenic ligands (13, 14) . Recent studies have shown that oligomer binding induces AD-like pathology, including neuronal tau hyperphosphorylation (15) , oxidative stress (16, 17) , synapse deterioration and loss (13, 18) , and inhibition of synaptic plasticity (19) . Interestingly, insulin signaling provides a physiological defense mechanism against oligomer-induced synapse loss (13) . Insulin was found to downregulate oligomer binding sites in neurons through a mechanism requiring IR tyrosine kinase activity (13) . Stimulation of insulin signaling also protects neurons from oligomer-induced impairment of long-term potentiation (LTP) (20) and accumulation of hyperphosphorylated tau (21) .
Understanding the molecular mechanisms accounting for impaired brain insulin signaling may illuminate new approaches to counteract neuronal damage in AD. As several pathological features, including impaired insulin signaling and inflammation, appear to be shared by patients with diabetes and those with AD, we hypothesized that, perhaps triggered by different factors, mechanisms analogous to those that account for peripheral insulin resistance in type 2 diabetes could underlie impaired brain insulin signaling in AD. Results reported here establish that insulin signaling is disrupted in Alzheimer's brains, as well as in rodent and non-human primate models of the disease, by mechanisms similar to those leading to insulin resistance in diabetes. Abnormal activation of the JNK/TNF-α pathway was verified in vivo and in research article vitro in neurons exposed to AβOs, resulting in serine phosphorylation of IRS-1, known to block downstream insulin signaling and trigger peripheral insulin resistance in diabetes (22) . Significantly, exendin-4, a new antidiabetic drug that activates pathways common to insulin signaling through stimulation of glucagon-like peptide 1 (GLP-1) receptors, blocked the impairment of insulin signaling in hippocampal cultures, reversed insulin pathology and improved cognition in Tg mice. Our findings suggest that stimulation of GLP-1 receptors (GLP1Rs) may represent a promising new approach to prevent disruption of brain insulin signaling in AD.
1pTyr465; Figure 1 , G-I), an essential step in the IR-stimulated signaling pathway. Neurons targeted by AβOs exhibited increased IRS-1pSer levels, whereas non-attacked neurons showed low IRS1pSer levels, as illustrated in Figure 1 , J-L. Dysregulation of IRS-1 signaling, which we found to be prominent in AD brains ( Figure  1B ), is thus instigated by AβOs in central neurons.
Neuronal cultures used throughout our study were maintained in Neurobasal medium supplemented with B-27, an insulin-containing supplement, considered optimal conditions to preserve synapse health and function and to grow mature hippocampal cultures (27) . In order to determine whether the increase in IRSpSer described above might be related to insulin coming from B-27, we used cultures grown in insulin-free B-27. As shown in Supplemental Figure 2 , in insulin-free medium AβOs triggered very similar increases in IRS-1pSer levels. Results thus establish that IRS-1pSer is specifically triggered by oligomers rather than by a possible physiological action of insulin present in B-27.
To determine whether the insulin signaling defect found in cell culture experiments also occurs in vivo, we investigated the effect of AβOs on IRS-1pSer in the brains of non-human primates. To this end, 3 adult cynomolgus monkeys (Macaca fascicularis) received intracerebroventricular (i.c.v.) injections of oligomers. A shamoperated monkey was used as a control. Remarkably, we found that the monkeys that received i.c.v. oligomer injections presented elevated levels of neuronal IRS-1pSer636 in the hippocampus compared with the control monkey (Figure 2 , A-G). Interestingly, IRS-1pSer636 levels were also increased in the temporal cortex of monkeys that received injections of AβOs, indicating that the impact of oligomers on IRS-1 signaling extends to other brain regions in addition to the hippocampus (Supplemental Figure 3 ). These results demonstrate that AβOs instigate elevated serine phosphorylation of IRS-1 in the brains of monkeys, establishing the in vivo and in situ relevance of our findings.
We next examined IRS-1pSer levels in the brains of APPSwe,PS1ΔE9 (APP/PS1) mice, which express transgenes for human amyloid precursor protein (APP) bearing the Swedish mutation and a deletion mutant form of presenilin 1. IRS-1pSer636 and IRS-1pSer312 levels, but not IRS-1pSer307 levels, were increased in hippocampi of APP/ PS1 Tg mice compared with WT mice ( Figure 2H ).
Non-phosphopeptide antibodies were used to detect total levels of IRS-1 and IRS-2 in our experimental models. We noted that distinct patterns of dendritic labeling were obtained for IRS-1 and IRS-2 ( Figure 3, A, B , F, and G). No differences in total IRS-1 levels were observed in oligomer-treated cultures or in hippocampi of APP/PS1 mice ( Figure 3 , A-E). In contrast, total IRS-2 levels increased in hippocampal cultures exposed to AβOs, as revealed by both immunocytochemistry and Western blot analysis ( Figure 3 , F-I). This impact of oligomers may be related to the fact that IRS-2 is a negative regulator of memory formation, as shown by recent studies (28, 29) . However, IRS-2 levels were significantly decreased in APP/PS1 Tg mice compared with WT mice ( Figure 3J ). Decreased levels of IRS-2 have also been found in AD brains (4) , suggesting that chronic exposure to AβOs may give rise to a compensatory mechanism aimed to decrease the negative impact of brain IRS-2 signaling on memory.
Previous studies have linked IRS-1 serine phosphorylation to JNK activation in diabetes and in obesity-related insulin resistance (22) . In peripheral tissue, IRS-1 is phosphorylated at Ser636 by p-JNK (30) . This prompted us to investigate the involvement of JNK in oligomer-induced IRS-1pSer in cell culture experiments. AβOs failed to induce IRS-1pSer in hippocampal neurons transfected with GFP-fused dominant negative JNK (DN JNK; Figure 4 , A-D), indicating a role for JNK in neuronal insulin resistance. As a control, mock transfection with a plasmid containing only GFP had no protective effect ( Figure 4C ). Oligomer-induced accumulation of IRS1pSer636 was also blocked by the pharmacological JNK inhibitor SP600125 (Figure 4 , E-G and I). Moreover, oligomer-induced JNK activation was directly observed in hippocampal neuronal cultures ( Figure 4J ). Consistent with the involvement of JNK indicated by our results, a recent study showed that AβOs induce tau hyperphosphorylation and IRS-1 inactivation via JNK activation (31) .
Subsequently, we sought to determine whether p-JNK levels were elevated in the brains of APP/PS1 mice. We found a 4-fold increase in p-JNK levels in hippocampi of Tg mice compared to WT animals ( Figure 4K ), demonstrating that activation of JNK, first detected in cell culture experiments, occurs in vivo. No changes in levels of total JNK were found in hippocampal cultures exposed to oligomers or in hippocampi of APPS/PS1 Tg mice (Supplemental Figure 4) . Future studies employing mice with knockout of IRS-1, JNK1/2, or JNK3 may provide additional insight into the mechanistic links between insulin resistance and AD.
In peripheral insulin resistance, JNK activity is known to be stimulated by TNF-α signaling (22) , and TNF-α levels are elevated in AD (32) . Interestingly, we found that abnormal IRS-1pSer636 triggered by AβOs was completely blocked by infliximab, a TNF-α neutralizing antibody (Figure 4 , H and I). We further detected an increase in TNF-α levels in concentrated conditioned medium from hippocampal cultures exposed to AβOs ( Figure 4L ). No differences were found in levels of TNF-α receptor in cultured neurons exposed to oligomers or in hippocampi of Tg mice ( Figure 4 , M and N). The results suggest that oligomer-induced elevation in proinflammatory TNF-α levels triggers aberrant activation of JNK and, ultimately, serine phosphorylation of IRS-1.
We next analyzed levels of p-JNK in AD brains and found that the density of neurons with detectable levels of activated JNK was significantly increased in AD hippocampi ( Figure 5 , A-D), giving strong support to our proposal that activation of the JNK pathway plays a key role in AD pathology. Finally, we examined JNK activation in the brains of cynomolgus monkeys. Consistent with elevated IRS-1pSer levels, the 3 monkeys that received i.c.v. injections of AβOs presented elevated neuronal p-JNK levels in their hippocampi compared with the sham-operated monkey ( Figure 5 , E-I). Both cytoplasmic and nuclear p-JNK labeling were detected in NeuNpositive cells, but not in GFAP-positive cells ( Figure 5 , J-L), demonstrating neuronal specificity of JNK activation induced by oligomers. These results establish that abnormal activation of neuronal JNK is triggered by AβOs in the brains of non-human primates and support a key role of JNK in neuronal insulin resistance in AD.
Aberrant activation of JNK has been linked to impaired axonal transport in neurological disorders (33) . Several neurodegenera- images acquired in dentate gyri of sham-operated (S) or AβO-injected monkeys (M1-M3). *P < 0.001, ANOVA followed by Bonferroni post-hoc test, relative to sham-operated monkey. (H) Representative blots of IRS-1pSer636, IRS-1pSer307, and IRS-1pSer312 in hippocampi of APP/PS1 Tg mice. Lanes for IRS-1pSer636 and pSer312 were run on the same gel but were noncontiguous. Graph shows densitometric quantification of IRS-1pSer levels in Tg (n = 7) or WT mice (n = 5) normalized by total IRS-1 levels. Cyclophilin B was used as an additional loading control. *P < 0.02, Student's t test, compared with WT.
tive diseases, including AD, display axonal pathologies comprising defective transport and abnormal accumulation of proteins and organelles (34) . Because AβOs were recently shown to impair axonal transport in hippocampal neurons (35) , we further asked whether oligomer-induced JNK activation might be responsible for defects in axonal transport of dense core vesicles (DCVs) (see Supplemental Figure 5 for a scheme describing axonal transport measurements). Significantly, the JNK inhibitor SP600125 blocked axonal transport alterations induced by oligomers ( Figure  6 , Supplemental Table 2 , and Supplemental Video 1), implicating JNK activation in impaired axonal transport in AD.
Double-stranded RNA-dependent protein kinase (PKR) and IκB kinase (IKK) are two stress-sensitive kinases that mediate serine phosphorylation of IRS-1 and are critical regulators of peripheral insulin resistance (36) (37) (38) (39) . In an additional set of experiments, we examined whether PKR and/or IKK were also activated by AβOs. A selective PKR inhibitor completely blocked oligomer-induced IRS-1pSer636, IRS-1pSer312, and IRS-1pSer307 in hippocampal cultures ( Figure 7 , A-L). IKK was also found to be involved in oligomer-induced IRS-1pSer, as acetylsalicylic acid completely prevented abnormal IRS-1pSer636 ( Figure 7 , M-O and Q). Abnormally activated mTOR signaling has also been implicated in peripheral insulin resistance (40) . However, the mTOR inhibitor rapamycin had no effect on IRS-1pSer636 triggered by oligomers ( Figure 7 , P and Q), suggesting that mTOR is not involved in oligomer-induced serine phosphorylation of IRS-1. The involvement of PKR and IKK in AβO-induced IRS-1pSer provides additional evidence for a close parallelism between inflammation-associated brain insulin resistance in AD and chronic inflammation-induced insulin resistance in peripheral tissues in type 2 diabetes.
Stimulation of brain insulin signaling has been suggested as a promising approach to prevent synapse deterioration and memory decline in AD (41, 42) . We thus next tested whether bolstering insulin signaling might also protect neurons from aberrant activation of the JNK/IRS-1pSer pathway triggered by AβOs. We examined the effects of insulin and exendin-4 (exenatide), an incretin hormone analog that activates the insulin signaling pathway through GLP1R stimulation (43) and has been recently approved for treatment of diabetes. GLP1Rs are present and functional in cultured neurons as well as in rodent and human brains, and emerging evidence indicates that their stimulation regulates neuronal plasticity and cell survival (44) . Significantly, we found that both insulin and exendin-4 prevented the increase in IRS-1pSer636 ( Figure 8 , A-D) and the decrease in IRS-1pTyr465 levels ( Figure 8 , E-H) induced by oligomers. Exendin 9-39, a potent GLP1R antagonist and a competitive inhibitor of exendin-4, blocked the protective action of exendin-4, demonstrating that protection was specifically mediated by activation of GLP1Rs ( Figure 8D ). Because neuronal cultures used in our study were maintained in Neurobasal B-27, an insulin-containing supplement, it is possible that these results reflect to some extent crosstalk between exendin signaling and signaling initiated by insulin. Control experiments showed that exendin-4 or insulin alone (i.e, in the absence of oligomers) had no significant effects on IRS-1pSer levels ( Figure 8D ). Interestingly, insulin and exendin-4 also protected neurons from the above-described oligomer-induced impairment of axonal transport ( Figure 8 , I and J, Supplemental Tables 2  and 3 , and Supplemental Videos 2 and 3). Because JNK dysregula-
Figure 3
IRS-1 and IRS-2 levels in mature hippocampal neuronal cultures exposed to AβOs and in the hippocampi of Tg mice. Representative immunofluorescence images of total IRS-1 and total IRS-2 levels in hippocampal neurons exposed to vehicle (A and F) or 500 nM AβOs (B and G) for 3 hours. Graphs show integrated immunofluorescence levels of total IRS-1 (C) or IRS-2 (H). Results are from 3 experiments using independent cultures (20 images analyzed per experimental condition per culture). *P < 0.001, Student's t test, relative to vehicle-treated cultures. Scale bars: 50 μm. (D and I) Immunoblots for total IRS-1 and IRS-2 levels in hippocampal neurons exposed to vehicle or 500 nM AβOs for 3 hours. Graphs show densitometric quantification of IRS-1 (D) and IRS-2 (I) levels normalized by cyclophilin B. (E and J) Total IRS-1 and IRS-2 levels, respectively, in hippocampal homogenates from APP/PS1 Tg (n = 7) or WT mice (n = 5). Lanes for IRS-2 (J) were run on the same gel but were noncontiguous. Graphs show densitometric quantification of IRS-1 or IRS-2 levels normalized by cyclophilin B immunoreactivity. *P < 0.05, Student's t test, relative to vehicle-treated cultures. (C and D) integrated IRS-1pSer636 and IRS-1pTyr465 immunofluorescence levels, respectively. *P < 0.001 relative to vehicle-treated cultures, # P < 0.001 relative to AβO-exposed cultures; ANOVA followed by Bonferroni post-hoc test. (E-H) Hippocampal neurons exposed for 3 hours to vehicle (E), 500 nM AβOs (F), 10 μM SP600125 (SP) plus 500 nM AβOs (G), or 1 μg/ml infliximab (Inflix) plus 500 nM AβOs (H). Scale bar: 50 μm. (I) Integrated IRS-1pSer immunofluorescence levels determined from 4 experiments (independent cultures, 20 images analyzed/experimental condition/experiment). *P < 0.001 relative to vehicle-treated cultures, # P < 0.001 relative to AβO-exposed cultures; ANOVA followed by Bonferroni post-hoc test. Scr, scrambled Aβ1-42 peptide. (J) Immunoblot of p-JNK in cultures exposed to 500 nM AβOs for 3 hours. (K) p-JNK levels in hippocampal homogenates from APP/PS1 Tg or WT mice. tJNK, total JNK. (L) TNF-α immunoblot in concentrated conditioned medium from cultures exposed to AβOs for 3 hours. (M and N) TNF-α receptor levels in cultures exposed to 500 nM AβOs for 3 hours and in hippocampal homogenates from APP/PS1 Tg (n = 7) or WT mice (n = 5), respectively. (M and N) Densitometric quantification normalized by cyclophilin B. Lanes in J and L-N were run on the same gel but were noncontiguous. *P < 0.02, Student's t test. tion appears to underlie axonal transport defects in a number of neurodegenerative disorders in addition to AD (33) , this raises the possibility that prevention of aberrant JNK activation by bolstering insulin signaling might be beneficial in such disorders.
Protection by insulin against AβO-induced neuronal damage has been shown to involve downregulation of oligomer binding sites (13) . Additional experiments thus aimed to determine whether exendin-4 also interferes with oligomer binding to neurons. Results showed that exendin-4 did not block oligomer binding (Supplemental Figure 6 ). Along with the results presented above, this indicates that GLP1R activation by exendin-4 prevents oligomer-induced impairment in IRS-1 signaling even when oligomers are attached to neurons. We also determined GLP1R levels in AβO-treated neuronal cultures and in hippocampi of AD Tg mice. No changes in levels of GLP1R were found in hippocampal cultures exposed to oligomers or in hippocampi of APPS/PS1 Tg mice (Supplemental Figure 7) . Because brain insulin signaling may decline with aging and in AD (45) , exendin-4 may thus be more efficient than insulin in protecting neurons from the toxic impact of oligomers.
Finally, since exendin-4 readily crosses the blood-brain barrier and has been shown to facilitate hippocampal synaptic plasticity and cognition (44, 46, 47), we asked whether systemic administration of a GLP1R agonist could enhance brain insulin signaling in APP/PS1 mice. Mice (13-14 months of age) were treated for 3 weeks with a daily intraperitoneal injection of exendin-4 (48). Exendin-4-treated mice exhibited significant reductions in brain levels of IRS-1pSer636, IRS-1pSer312, and p-JNK compared with vehicle-treated animals ( Figure 8 , K and L). Interestingly, spatial memory in the Morris water maze task was improved by chronic exendin-4 administration to Tg mice. Exendin-4-treated APP/PS1 mice learned the task faster, with significantly reduced escape latencies observed on days 3 and 4 of training, compared with saline-treated mice ( Figure 8, M and N) . Furthermore, exendin-4-treated mice had improved memory retention, as indicated by a significantly longer time spent in the target quadrant during the probe trial conducted 24 hours after the last training session ( Figure 8O ). These data demonstrate the beneficial effect of exendin-4 on cognition in AD Tg mice. Interestingly, we further found that treatment with exendin-4 entailed reductions in brain levels of amyloid plaque load and soluble Aβ in the cerebral cortices of AD Tg mice (Figure 8 , P-R).
Reported effects of peripheral exendin-4 administration include reduced plasma glucose levels and decreased food intake and body weight, and these could mimic the anti-aging effects of caloric restriction. We note that, for the duration of the behavioral experiments described above, comparable and slight weight losses were observed in all groups of mice analyzed, regardless of whether they received daily intraperitoneal injections of exendin-4 or saline (Supplemental Figure 8) . This may be due to the exercise regime to which the animals were subjected during training and trials in the Morris water maze. We also note that, in insulinsecreting cells, exendin-4 inhibits JNK activation (49), counteracts TNF-α-mediated apoptosis, and reverses inhibition of the IRS-1 pathway (50). Taken together, our results suggest that exendin-4 restored impaired brain insulin signaling, decreased plaque load and soluble Aβ levels, and improved learning and memory.
Discussion
Recent studies have shown that type 2 diabetes increases the risk of AD (51), and a newly recognized form of brain insulin resistance has been connected to AD (2, 3). Here, we describe a pathogenic mechanism by which a type of "brain diabetes" is triggered by AβOs, synaptotoxins that accumulate in AD brains. Because brain insulin signaling is centrally involved in learning and memory (8) , the impact of AβOs on brain insulin signaling may be a mechanism potentially contributing to early memory loss in AD.
Similar to mechanisms that cause peripheral insulin resistance in type 2 diabetes, our results show that AβOs induce neuronal insulin resistance by activating TNF-α and the stress kinases JNK, IKK, and PKR, leading to serine phosphorylation of IRS-1 ( Figure 9A ). Analysis of AD brains confirmed abnormal phosphorylation of IRS-1 at Ser636/639, which is typically associated to peripheral insulin resistance in diabetes (1). IRS-1pSer redistribution was recently reported in AD brains (31). Because we have previously shown that AβOs internalize/redistribute neuronal IRs (9, 13), it is possible that IR loss may underlie, or facilitate, IRS-1pSer increases. This is consistent with our finding that insulin, previously shown to block IR downregulation induced by AβOs (13), further blocks IRS-1pSer.
In peripheral insulin resistance, IRS-pSer is a major target for phosphorylation by mTOR (40, 52, 53) . In contrast, the mechanism by which oligomers trigger neuronal IRS-1 inhibition does not appear to involve mTORC1 activation, as rapamycin had no protective effect against IRS-1pSer. The possible role of mTOR in AD is still controversial. mTOR activity was shown to be increased in brains of 3xTg-AD mice (54) and rapamycin improved cognition in PDAPP Tg mice (55, 56) . On the other hand, upregulating mTOR signaling rescued LTP in another AD mouse model (Tg2576), suggesting that mTOR inhibition correlates with impaired synaptic plasticity in AD (57) . Other studies have shown that mTOR signaling is downregulated in cellular and animal models of AD (54, 58) . Given these controversial literature reports, further studies aimed at unraveling the possible role of mTOR signaling in AD appear warranted.
We found significant increases in p-JNK levels in AD brains and in hippocampi of APP/PS1 Tg mice. Using a different strain of Tg mice fed a high-fat diet, a recent study reported abnormally elevated brain levels of activated JNK (31) . Remarkably, elevated IRS-1pSer636 and p-JNK levels were triggered by injection of AβOs in the brains of monkeys. Considering the dearth of animal model systems that truly recapitulate the main features of AD (59), a monkey model of AD may provide insight into central aspects of pathology that could be present exclusively in primates.
Inflammation is an important mediator of insulin resistance in obesity and diabetes (23, 26, 60, 61) . Supporting the notion that AβO-induced neuronal insulin resistance derives from an inflammatory response mediated by TNF-α, the TNF-α-blocking antibody infliximab protected neurons against oligomers. Used to treat inflammatory diseases (62), infliximab and etanercept, a TNF-α-blocking recombinant protein, have been proposed as novel therapeutic agents to combat insulin resistance in type 2 diabetes (63) and memory decline in AD (64) . By defending neurons from oligomer-induced dysregulation of insulin signaling, infliximab treatment may constitute a novel approach to prevent memory impairment in AD.
We did not observe significant changes in levels of IRS-1pSer307 in hippocampi from AD Tg mice, while in cultured neurons AβOs increased IRS-1pSer307. A recent study demonstrated that IRS1pSer307 in mice is a positive regulatory site that sustains peripheral insulin signaling and moderates the severity of insulin resistance (65) , in contrast to results obtained in previous cell-based experiments (26, 66, 67) . Based on our results, it is likely that, following oligomer attack of synapses, the stress-sensitive kinases PKR, IKK, and JNK respond and coordinately lead to IRS-1pSer at multiple residues. Therefore, even if Ser307 is not phosphorylated, the final outcome may be that multiple serine-phosphorylated residues may act as critical regulators of neuronal insulin resistance, similar to what occurs in peripheral tissue (36) .
Total IRS-2 levels were increased in hippocampal cultures exposed to AβOs. This might be related to the fact that, as previously observed, IRS-2 is a negative regulator of memory formation that acts by impairing dendritic spine formation (28) and that deletion of IRS-2 reduces amyloid deposition, cognitive deficits and premature mortality in Tg2576 mice (29) . Beneficial effects of IRS-2 deletion in AD pathology parallel the effects on lifespan, with less IRS-2 signaling extending life span in mice (43) . We found that IRS-2 levels were significantly decreased in APP/PS1 Tg mice compared with WT mice. Decreased levels of IRS-2 were also found in AD brains (4), suggesting a compensatory phenomenon to decrease the negative impact of brain IRS-2 signaling on memory in AD (68) . So far, however, it is unclear whether this is an active neuroprotective response or a secondary response to the neurodegenerative process. Therefore, there is an apparent dichotomy between the neuroprotective effects of insulin signaling in CNS and its deleterious actions on lifespan and memory. It is possible that IRS-1 acts as a positive regulator of memory, as suggested by our current results, while IRS-2 acts as a negative modulator of memory formation.
AβOs increasingly appear to be the proximal toxins that cause synapse failure in AD (12, 13, 24, 25) . Oligomers constitute key target for therapeutics, as drugs and antibodies designed to target them have provided positive results in AD clinical trials (69, 70). However, issues related to efficacy and safety of such approaches
Figure 7
PKR and IKK, but not mTOR, mediate AβO-induced IRS-1pSer. (A-Q) Hippocampal neurons were exposed for 3 hours to vehicle (A, E, I, and M), 500 nM AβOs (B, F, J, and N), 1 μM PKR inhibitor (inh) plus 500 nM AβOs (C, G, and K), 5 mM acetylsalicylic acid (ASA) plus 500 nM AβOs (O), or 0.1 μM rapamycin (Rap) plus 500 nM AβOs (P). Scale bars: 50 μm. Integrated IRS-1pSer636 (D and Q), IRS-1pSer307 (H), and IRS-1pSer312 (L) immunofluorescence levels determined from 4 experiments using independent neuronal cultures (20 images analyzed per experimental condition per experiment). *P < 0.001 relative to vehicle-treated cultures; # P < 0.001 relative to cultures exposed to AβOs; ANOVA followed by Bonferroni post-hoc test.
Figure 8
Exendin-4 prevents AβO-induced IRS-1pSer and p-JNK pathology and improves cognition in Tg mice. IRS-1pSer636 or IRS-1pTyr465 immunofluorescence of hippocampal neurons exposed for 3 hours to vehicle (A and E), 500 nM AβOs (B and F), 300 nM exendin-4 plus AβOs (C and G). Scale bar: 50 μm. Integrated IRS-1pSer636 (D) and IRS-1pTyr465 (H) immunofluorescence (4 independent experiments; 20 images analyzed/experimental condition/culture). *P < 0.001, relative to vehicle-treated cultures; # P < 0.001, relative to AβO-exposed cultures; **P < 0.001, relative to cultures treated with exendin-4 plus AβOs. (I and J) Total DCV (I) and mitochondria (Mito; J) transport in neurons exposed to 500 nM AβOs, 300 nM exendin-4 plus AβOs, or 1 μM insulin plus AβOs for 18 hours (15 neurons/condition from ≥2 cultures were analyzed). *P < 0.001 relative to vehicle-exposed cultures; # P < 0.001 relative to AβO-exposed cultures. (K and L) IRS-1pSer636, IRS-1pSer312, and p-JNK levels in hippocampi from 13-month-old WT mice (n = 5), vehicle-treated Tg mice (n = 7), or exendin-4-treated Tg mice (n = 5). Lanes were run on the same gel but were noncontiguous. Graphs show densitometric quantification of IRS-1pSer and p-JNK levels (normalized by total IRS-1 and JNK, respectively). *P < 0.05 relative to WT; # P < 0.001 relative to vehicle-treated Tg mice; ANOVA followed by Bonferroni posthoc test. have still not been fully addressed. Stimulation of neuronal insulin signaling has been proposed as a promising approach to prevent or halt memory decline in AD (41, 42) . In vitro, insulin prevents AβO-induced loss of surface IRs, neuronal oxidative stress, and synapse deterioration (13) . The mechanism of insulin protection involves IR signaling-dependent downregulation of oligomer binding to neurons. Thus, the protective action of insulin in rescuing the impairment of IRS-1 reported here probably derives from its ability to block oligomer binding to neurons. However, since IRs are removed from the neuronal membrane in AD brains (4) and in cultured neurons exposed to oligomers (9), use of insulin itself might not be the most effective way to combat AD. Instead, alternative approaches to bypass the IR and enhance insulin-related signaling pathways might provide a safe and effective strategy to prevent or treat AD. Here, we show that exendin-4, a novel antidiabetic drug that stimulates the insulin signaling pathway through activation of GLP1Rs, protected neurons against oligomer-induced dysregulation of IRS-1 phosphorylation ( Figure 9B ).
Exendin-4 further decreased hippocampal IRS-1pSer and p-JNK levels, decreased amyloid pathology, and improved cognition in AD Tg mice. Enhancing brain insulin signaling through the use of exendin-4 or other GLP1R agonists may thus be a key alternative to block brain insulin resistance and memory impairment in AD.
Methods

Reagents
Synthetic Aβ1-42 peptide was from American Peptide Co. Scrambled Aβ1-42 was from Anaspec. Bovine and human insulin, 1,1,1,3,3,3,-hexafluoro-2-propanol (HFIP), DMSO, poly-l-lysine, rapamycin, and acetylsalicylic acid were from Sigma-Aldrich. Culture media/reagents, Alexa Fluor-labeled secondary antibodies, and ProLong anti-fade reagent were from Invitrogen. Electrophoresis buffers were from Bio-Rad. SuperSignal chemiluminescence reagents and the BCA protein assay kit were from Pierce. Antibodies against total IRS-1 and IRS-2, IRS-1pTyr465, IRS-1pSer636, glucagon-like peptide-1 receptor (GLP1R), TNFR1, TNF-α, and the PKR inhibitor were from Santa Cruz Biotechnology Inc. IRS-1pSer307, IRS-1pSer312, and IRS-1pSer616 antibodies were from Invitrogen. IRS-1pSer636/639 antibody for histology, the phosphorylated immunogen supplied as a custom order for specificity tests, glial fibrillary acidic protein (GFAP) antibody, p-JNK (Thr183/Tyr185) monoclonal antibody, and JNK polyclonal antibody were from Cell Signaling Technology. Unphosphorylated IRS-1 peptide (aa 631-646) was from Abcam (no. 41777). Exendin-4 and exendin 9-39 were from Bachem. SP600125 was from Tocris Bioscience.
Neuropathology in human brain tissue
NCI controls and patients with AD were autopsied with caregiver consent by the Center for Neurodegenerative Disease Research at the University of Pennsylvania. Clinical diagnosis of AD met NINCDS-ADRDA criteria and was confirmed by postmortem examination of the cerebral cortex and hippocampus for senile plaque and neurofibrillary tangle densities. A matched pairs design was used to match each of 22 AD cases with 22 NCI cases of the same sex, similar age (within 5 years), and similar postmortem interval (within 7 hours). Demographic and autopsy data on the subjects studied are given in Supplemental Table 1 . Neither NCI controls nor AD patients had histories or symptoms of psychiatric conditions or non-AD neurological disorders.
At autopsy, each brain was cut into coronal slabs, from which an intermediate rostrocaudal segment of the hippocampal region (i.e., hippocampus, dentate gyrus, subiculum, and parahippocampal gyrus) was dissected and fixed in Bouin's fluid, 10% neutral buffered formalin, or 70% ethanol in saline for 24-48 hours. In each matched pair, the tissue sampled from the NCI and AD cases derived from the same hemisphere and was preserved in the same fixative. After being embedded in paraffin, 6-μm coronal sections were cut, mounted on slides, and reacted immunohistochemically
Figure 9
Proposed mechanism underlying disrupted brain insulin signaling in AD. (A) AβOs stimulate TNF-α signaling, which activates the JNK pathway and, possibly, PKR and IKK pathways. Activation of these stress-sensitive kinases, which can also be triggered by endoplasmic reticulum stress (36) , results in serine phosphorylation of IRS-1, blocking downstream insulin signaling. (B) Stimulation of insulin and GLP1 receptors blocks AβO-induced defects in insulin signaling. Binding of exendin-4 to GLP1 receptors and of insulin to IRs prevented activation of JNK, allowing physiological tyrosine phosphorylation of IRS-1 and stimulating downstream insulin signaling. In both panels, red arrows indicate inhibitory pathways and green arrows indicate stimulatory pathways of insulin signaling. I, insulin.
for IRS-1pSer636/639 with Cell Signaling Technology antibody 2388 at a dilution of 1:100 using an avidin-biotin-peroxidase method (71) . Sections from all the case pairs were reacted together with the same solutions and exposure times to enable quantitative immunohistochemistry. A second set of sections from all pairs was run to test reliability of the results. After coverslipping and drying of the sections, the borders of hippocampal field CA1 were traced in ink on the slides under a dissecting scope aided by wellestablished criteria and atlas-style drawings (72) . A series of ×100 photomicrographs covering all of CA1 in each section were then taken on a microscope with a motorized stage, and a composite montage was created using Image-Pro Plus software (Media Cybernetics Inc.). Photomicrographs of all NCI and AD sections were taken under the same lighting conditions. Image-Pro Plus was used to determine the area covered by CA1 in each section and the number of neurons with extranuclear IRS-1 pSer636/639 in that area by identifying immunoreactive objects that were larger in area than cell nuclei seen with hematoxylin staining and still within the size and shape parameters of neurons identified by NeuN immunoreactivity. The density of neurons with extranuclear IRS-1 pSer636/639 was then calculated. Five AD cases were tested for specificity of the IRS-1pSer636/639 antibody used in immunohistochemistry analyses (see Results).
AβOs and scrambled Aβ 1-42
Oligomers were prepared from synthetic Aβ1-42 peptide (American Peptide) as previously described (16, 19) . Scrambled Aβ peptide (Anaspec) treated in exactly the same manner was used in control experiments.
Mature hippocampal cultures
Primary rat hippocampal neuronal cultures were prepared according to established procedures (15, 16) and were used after 18-21 days in vitro (DIV). Cultures were prepared and maintained in Neurobasal medium supplemented with B-27, an insulin-containing supplement (Invitrogen). Some experiments (see Supplemental Figure 2 ) were performed using insulin-free B-27 (Invitrogen). Cultures were treated at 37°C for 3 hours with 500 nM AβOs or an equivalent volume of vehicle (2% DMSO in PBS). When present, insulin (1 μM), exendin-4 (300 nM), SP600125 (10 μM), infliximab (1 μg/ml), rapamycin (0.1 μM), and PKR inhibitor (1 μM) were added to cultures 30 minutes before AβOs. Acetylsalicylic acid (5 mM) was added to cultures 120 minutes before AβOs. Exendin 9-39 (1 μM) was added 15 minutes before exendin-4.
Immunocytochemistry
Cells were fixed and blocked as described previously (13, 15) , incubated with AβO-selective NU4 mouse monoclonal antibody (16) and IRS-2, IRS-1, or p-IRS-1 (pSer636; pSer312; pSer616; pSer307; or pTyr465) rabbit polyclonal antibodies followed by Alexa Fluor-conjugated secondary antibodies. Coverslips were imaged on a Zeiss Axio Observer Z1 microscope.
Injections of AβOs into monkey brains and neuropathology studies
Four cynomolgus monkeys (Macaca fascicularis) aged 9 years (weight, 4.7-7.0 kg) were used. Animals were under the close supervision of a laboratory animal technician and the Queen's University veterinarian. AβOs were infused chronically through an i.c.v. canula. Three animals were administered 100 μg AβOs, every 3 days for 24 days. Oligomers were freshly prepared and characterized by size-exclusion chromatography (SEC) before each injection. One sham-operated animal, used as a control, had the cannula implanted into the lateral ventricle in the same manner as the experimental animals. At the end of the experimental protocol, animals were sedated with intramuscular 10 mg/kg ketamine with 0.01 mg/kg buprenorphine for analgesia, followed by intravenous 25 mg/kg sodium pentobarbital, perfused with PBS followed by 4% paraformaldehyde in PBS; 4% paraformaldehyde in PBS containing 2.5% glycerol; PBS plus 5% glycerol; and PBS plus 10% glycerol. Serial 40-μm-thick brain sections were obtained. Immunohistochemistry was performed using free-floating sections from hippocampus and temporal cortex in PBS containing 1% Triton incubated with 0.1 M citrate buffer, pH 6, at 60°C for 5 minutes. Sections were blocked with 5% BSA, 5% normal goat serum (NGS), and 1% Triton X-100 for 3 hours at room temperature. Primary antibodies (IRS-1pSer636, JNKpThr183/Tyr185, GFAP) were diluted in blocking solution, and sections were incubated overnight at 4°C, followed by incubation with Alexa Fluor-conjugated secondary antibodies for 2 hours at room temperature. Tissue autofluorescence was quenched by previous incubation with 0.06% potassium permanganate for 10 minutes at room temperature. Nuclei were stained with DAPI for 5 minutes. Slides were mounted with ProLong and imaged on a Zeiss Axio Observer Z1 microscope using structured illumination (ApoTome module) to decrease out-of-focus light.
AD Tg mouse model and treatment with exendin-4
APP/PS1 mice on a C57BL/6 background were obtained from The Jackson Laboratory. Mice not expressing the transgene were used as WT controls. Male animals were used in all studies. Animals were caged individually and maintained on a 12-hour light/12-hour dark cycle (lights on at 08:00, off at 20:00), in a temperature-controlled room (21.5 ± 1°C). Food and water were available ad libitum. Animals received daily intraperitoneal injections of exendin (25 nmol/kg, dissolved in saline) or vehicle (saline) during 3 weeks.
Western blot analysis of Tg mouse hippocampi and hippocampal neuronal cultures
Thirteen- to 14-month-old APP/PS1 Tg mice and WT control animals were used. Exendin-treated (n = 9) or vehicle-treated Tg (n = 7) and WT animals (n = 8) were euthanized. For Western immunoblot analysis, hippocampi of Tg mice and mature hippocampal cell cultures were homogenized in RIPA buffer containing protease and phosphatase inhibitor cocktails and resolved on a 4%-20% polyacrylamide gel with Tris/glycine/SDS buffer run at 125 V for 80 minutes at room temperature. The gel (42 μg total protein/lane) was electroblotted onto Hybond ECL nitrocellulose using 25 mM Tris, 192 mM glycine, 20% (v/v) methanol, 0.02% SDS, pH 8. For TNF-α analysis, cultures were exposed to 500 nM AβOs or an equivalent volume of vehicle for 3 hours. The medium was then removed and concentrated by Speedvac (Savant Instruments Inc.) centrifugation. Protein concentrations were determined in the medium using the enhanced BCA protein assay kit (from Pierce). Samples containing equal protein amounts were resolved in a 4%-20% polyacrylamide gel, followed by Western blotting using anti-TNF-α antibody.
Data analysis
IRS-2, IRS-1, p-IRS-1(pSer636; pSer312; pSer616; pSer307; or pTyr465), and AβO binding immunofluorescence intensities were each analyzed in 3-6 experiments (see figure legends) using independent neuronal cultures. In each experiment, 20-30 images were acquired from 3 coverslips in each experimental condition. Histogram analysis of fluorescence intensities at each pixel across the images was performed using NIH ImageJ (http:// rsbweb.nih.gov/ij/) as described previously (16) . Cell bodies were digitally removed from the images so that only immunostaining on dendritic processes was quantified. Statistical significance was assessed by ANOVA followed by Bonferroni post-hoc test.
For neuropathology in monkey brains, IRS-1pSer636 and p-JNK immunolabeling densities were determined after proper thresholding using NIH ImageJ by counting the particles with diameters of 500 or fewer pixels and determining the total area (in pixels) occupied by particles in each field. For each animal, immunolabeling densities were measured in a set of 20-31 microscopic fields throughout the dentate gyrus or temporal cortex (see Results). Statistical significance was assessed by ANOVA followed by Bonferroni post-hoc test.
Plasmids and expression of transgenes
pβ-actin-BDNF-mRFP and pJPA5-YFP-JBD were from Gary Banker (Jungers Center for Neurosciences Research, Oregon Health and Science University, Portland, Oregon, USA). Mitochondrially targeted YFP was from Gordon Rintoul (Department of Biological Sciences, Simon Fraser University, Burnaby, British Columbia, Canada). Constructs were transfected into neurons at 9-12 DIV using Lipofectamine 2000 (Invitrogen). Cells were allowed to express constructs for 24 hours prior to exposure to AβOs and then imaged.
Live imaging
Cells were live imaged using a wide-field fluorescence microscope (DMI 6000 B, Leica), as described previously (35) . Axons and dendrites were initially distinguished based on morphology and confirmed retrospectively by antibody staining against MAP-2, a dendritic cytoskeletal protein (73) .
Videos and quantitative analyses
Videos were processed using MetaMorph (Universal Imaging) as described previously (35) . Quantitative kymograph analysis was performed using MetaMorph.
Behavioral tests
Animals were handled daily for 2 weeks prior to commencement of the study. Mice were 9 months of age when treatment began. They received intraperitoneal exendin-4 (25 nmol/kg BW) or saline (0.9% w/v) injections twice daily for 3 weeks before behavioral tasks were conducted (n = 12 for each group). All experiments were licensed by the UK Home Office in accordance with the Animal (scientific procedures) Act of 1986.
Morris water maze task. The maze was made of white opaque plastic with a diameter of 120 cm and 40-cm-high walls and was filled with water at 25°C to avoid hypothermia. A small escape platform (10 × 6.5 × 21.5 cm) was placed at a fixed position in the center of one quadrant, 25 cm from the perimeter, and was hidden 1 cm beneath the water surface. The room contained a number of fixed visual cues on the walls.
Acquisition phase. The acquisition trial phase consisted of 4 training days and 4 trials per day with a 15-minute inter-trial interval. Four points equally spaced along the circumference of the pool (north, south, east, west) served as the starting position, which was randomized across the 4 trials each day. If an animal did not reach the platform within 90 seconds, it was guided to the platform, where it had to remain for 30 seconds, before being returned to its home cage. Mice were kept dry, between trials, in a plastic holding cage filled with paper towels. The path length and escape latencies were recorded (n = 12 per group).
Probe trial. One day after completion of the acquisition task (day 5), a probe trial was performed in order to assess spatial memory (after a 24-hour delay). The platform was removed from the maze, and animals were allowed to swim freely for 60 seconds. Spatial acuity was expressed as the amount of time spent in the exact area where the escape platform was located.
Histology in Tg mice
Mice were perfused transcardially with PBS buffer followed by icecold 4% paraformaldehyde in PBS. Brains were removed and fixed in 4% paraformaldehyde for at least 24 hours before being transferred to 30% sucrose solution overnight. Brains were then snap-frozen using Envirofreeze, and 40-μm-thick coronal sections were cut at coordinates bregma -2 to -3 using a Leica cryostat. Sections were chosen according to stereological rules (74) , with the first section taken at random, followed by every fifth section afterward. Seven to 13 sections were analyzed per brain. Staining was carried out for Aβ plaques. All sections were incubated in 3% H2O2 to quench endogenous peroxidase activity. After the sections were blocked in 5% normal serum to avoid nonspecific antibody binding, they were incubated with rabbit polyclonal anti-Aβ peptide (1:250, Invitrogen 71-5800). After overnight incubation at 4°C, the sections were incubated in respective secondary antibodies. For visualization, Vectastain Elite and SG substrate (Vector Laboratories) were used. All staining was visualized by Axio Scope 1 (Zeiss) and analyzed using a multi-threshold plug-in with ImageJ, using stereological rules as described in ref. 75 .
ELISA for total soluble Aβ levels
Soluble Aβ levels were measured using an ELISA kit (Invitrogen), used according to the manufacturer's instructions. Briefly, right hemispheres of control and exendin-4-treated APP/PS1 mouse brains were homogenized in Tris-buffered saline (25 mM Tris-HCl, pH 7.4, 150 mM NaCl) supplemented with protease inhibitor cocktail (Sigma-Aldrich, 250 μl per 5 ml buffer). Brain homogenates were centrifuged at 100,000 g and 4°C for 1 hour. The supernatant was then diluted 1:10 before the ELISA was carried out. Protein was quantified using the Bradford protein assay. Final soluble Aβ values were determined following normalization to total protein levels (n = 6 per group).
Statistics
Statistical analyses were performed (GraphPad Prism) using 2-tailed Student's t test when 2 conditions were compared and 1-way ANOVA followed by Bonferroni post-hoc test for multiple comparisons. Results are represented as mean ± SEM (unless stated otherwise), and the total number of independent experiments, as well as P values, are specified in each figure legend. P values less than 0.05 were considered significant.
Study approval
All experiments involving rats and Tg mice, unless otherwise specified, were performed in certified facilities under protocols approved by the Institutional Animal Care and Use Committee of the Federal University of Rio de Janeiro (protocols IBQM 022 and IBQM 019). All animal care and experimental procedures involving non-human primates were in accordance with the Canadian Council on Animal Care policies on the use of laboratory animals and approved by the Queen's University Animal Care Committee (Animal Care Protocol Original Munoz-2011-039-Or). For the human postmortem studies, informed consent was obtained for collection and use of clinical and postmortem data from all subjects of the present study or from their next-of-kin in accordance with the University of Pennsylvania's Institutional Review Board and its Alzheimer Disease Center (Clinical Core Protocol 068200).
